Graphical Abstract Highlights d The histone methyltransferase SETDB1 is essential for male mouse meiosis d The meiotic DDR network recruits SETDB1 to the XY pair, where it induces H3K9me3 d SETDB1 deletion perturbs meiotic sex chromosome remodeling and silencing d SETDB1 ensures timely expression of meiotic and postmeiotic genes In Brief During male meiosis in mammals, the asynapsed regions of the X and Y chromosomes retain DNA double-strand breaks (DSBs), which triggers silencing of the sex chromosomes, a process essential for fertility. Hirota et al. show that meiotic DSB factors recruit the H3K9methyltransferase SETDB1, inducing XYchromatin remodeling and silencing. SUMMARY Meiotic synapsis and recombination ensure correct homologous segregation and genetic diversity. Asynapsed homologs are transcriptionally inactivated by meiotic silencing, which serves a surveillance function and in males drives meiotic sex chromosome inactivation. Silencing depends on the DNA damage response (DDR) network, but how DDR proteins engage repressive chromatin marks is unknown. We identify the histone H3-lysine-9 methyltransferase SETDB1 as the bridge linking the DDR to silencing in male mice. At the onset of silencing, X chromosome H3K9 trimethylation (H3K9me3) enrichment is downstream of DDR factors. Without Setdb1, the X chromosome accrues DDR proteins but not H3K9me3. Consequently, sex chromosome remodeling and silencing fail, causing germ cell apoptosis. Our data implicate TRIM28 in linking the DDR to SETDB1 and uncover additional factors with putative meiotic XY-silencing functions. Furthermore, we show that SETDB1 imposes timely expression of meiotic and post-meiotic genes. Setdb1 thus unites the DDR network, asynapsis, and meiotic chromosome silencing.
INTRODUCTION
Defective synapsis or recombination can cause mutation and aneuploidy in offspring. To prevent these outcomes, surveillance mechanisms operate during prophase I to eliminate germ cells in which either process is defective. Current data support the existence in mice of two such surveillance mechanisms. The first is triggered by persistent DNA damage and transduces germ cell elimination via the CHK2/p53/p63 checkpoint pathway (Bolcun-Filas et al., 2014; Di Giacomo et al., 2005; Marcet-Ortega et al., 2017; Pacheco et al., 2015; Rinaldi et al., 2017) . The second operates in the absence of persistent DNA damage and responds instead to asynapsis (Di Giacomo et al., 2005; Wojtasz et al., 2012) . Homologs asynapsed at pachynema undergo meiotic silencing, a megabase-scale chromatin remodeling process that inactivates hundreds of genes (Inagaki et al., 2010) . Evidence suggests that meiotic silencing eliminates germ cells with asynapsis by depriving them of critical gene products (Cloutier et al., 2015) .
In addition to its surveillance role, meiotic silencing is responsible for the inactivation of the asynapsed XY chromosome regions during male meiosis. This process, meiotic sex chromosome inactivation (MSCI), affects most or all XY genes and results in the formation of the condensed XY body (Yan and McCarrey, 2009; McKee and Handel, 1993; Solari, 1964) . Disturbances in MSCI lead to misexpression of toxic sex genes and midpachytene germ cell failure (Royo et al., 2010) . MSCI defects have been invoked as a cause of meiotic infertility in intersubspecific hybrids (Bhattacharyya et al., 2013; Campbell et al., 2013) and mice exhibiting chromosome abnormalities, including X-autosome translocations (Homolka et al., 2007) and Double Y syndrome (Royo et al., 2010) .
Mechanistically, meiotic silencing initiates from recombinational DNA double-strand breaks (DSBs) that are located within asynapsed chromosome axes (ElInati et al., 2017; Carofiglio et al., 2013; Schoenmakers et al., 2008) . Supported by SYCP3 and HORMAD1/2, BRCA1-A complex components and ATR localize to these DSBs and thereafter spread along the full length of asynapsed chromosome axes (Lu et al., 2013; Royo et al., 2013; Wojtasz et al., 2012; Daniel et al., 2011; Kouznetsova et al., 2009; Sciurano et al., 2007; Turner et al., 2004; Xu et al., 2003) . Subsequently, facilitated by MDC1 (Ichijima et al., 2011) and TOPBP1 (ElInati et al., 2017) , ATR spreads into chromatin loops, catalyzing serine-139 phosphorylation of histone H2AX (Cloutier et al., 2015; Fernandez-Capetillo et al., 2003 ) (gH2AX; Figure 1A ).
While it is clear that the DNA damage response (DDR) network has a critical role in meiotic silencing, how it ultimately induces the inactive chromatin state is not known. One possibility is that DDR components direct acquisition of canonical repressive histone modifications at asynapsed chromosomes. Based on their localization to the XY body, a number of candidate modifications have been identified, but none has yet been shown to be essential for the initiation of silencing (van der Heijden et al., 2007; Namekawa et al., 2006; Khalil et al., 2004; Baarends et al., 1999) . Among these candidates, we were drawn to Histone H3 lysine 9 (H3K9) methylation. H3K9 monomethylation does not exhibit preferential XY localization (Kato et al., 2015) , and H3K9 dimethylation appears on the XY pair at the pachytene-to-diplotene transition, too late for a role in MSCI initiation (Namekawa et al., 2006; Khalil et al., 2004) . However, H3K9 trimethylation (H3K9me3) is observed on the XY body at early pachynema (Kato et al., 2015; Page et al., 2012; van der Heijden et al., 2007; Khalil et al., 2004) and is downstream of the DDR in mitotic cells (Ayrapetov et al., 2014; Sun et al., 2009) .
Here, we show that H3K9me3 enrichment on the asynapsed X chromosome is directed by DDR factors. Using a conditional knockout (cKO) approach, we demonstrate that H3K9me3 acquisition is dependent on the H3K9 methyltransferase (MTase) SETDB1 and that Setdb1 deletion disrupts XY body formation and XY gene silencing. We find that SETDB1 recruitment to the XY pair is dependent on H2AX and identify TRIM28 as a candidate bridging factor. Thus, our results identify SETDB1 as the link between the DDR network and meiotic chromosome silencing.
RESULTS

DDR Factors Direct H3K9me3 Acquisition on the X Chromosome at Pachynema
Using SYCP3 immunostaining to label chromosome axial elements, we first confirmed previous reports (Kato et al., 2015; Page et al., 2012; van der Heijden et al., 2007; Khalil et al., 2004) that H3K9me3 is enriched on the XY bivalent, as well as on pericentric heterochromatin, at early pachynema ( Figure 1B) . H3K9me3 was not observed along chromosome axes or at persistent meiotic DSB sites ( Figure S1A ). We then investigated genetic interactions between XY-associated H3K9me3 and meiotic silencing components. We assayed sex chromosome H3K9me3 patterns in Hormad2 knockouts (KOs) (Wojtasz et al., 2012) (Figure 1C ), Brca1 exon 11 deletion mutants (Turner et al., 2004; Xu et al., 2003) Figure 1D ), Atr cKOs (Widger et al., 2018) (Figure 1E ), and H2afx KOs ( Figure 1F ), all of which exhibit defective MSCI and resulting germ cell failure at midpachynema. We restricted our analysis at this stage to the X chromosome because the heterochromatic Y chromosome is constitutively positive for H3K9me3, even in spermatogonia (Baumann et al., 2008) (Figure S1B ).
Although preserved at pericentric heterochromatin, H3K9me3 was not observed on the X chromosome in these mutants. H3K9me3 enrichment to the X chromosome is therefore downstream of DDR factors.
Examination of Hormad2 KOs and Brca1 D11 mutants revealed further information on the relationship between DDR factors and H3K9me3. As well as defective MSCI, these mutants exhibit another phenotype: ATR normally destined for the X chromosome mislocalizes to synapsed autosomes, where it induces ectopic domains of gH2AX (Wojtasz et al., 2012; Turner et al., 2004) . We found that in Hormad2 KOs and Brca1 D11 mutants, these ectopic gH2AX domains were also enriched for H3K9me3 ( Figures 1C, 1D , and S1C). These findings suggest a close spatial relationship between gH2AX and H3K9me3 acquisition.
Meiotic Setdb1 Deletion Causes Midpachytene Apoptosis
The enzyme responsible for meiotic X chromosome-associated H3K9me3 is unknown. H3K9me3-catalyzing MTases SUV39H1 and its paralog SUV39H2 are dispensable for XY body-associated H3K9 methylation (Peters et al., 2001) . To identify alternative H3K9me3 MTase candidates, we analyzed published RNA sequencing (RNA-seq) data from mouse spermatogenic subpopulations (Gan et al., 2013) . Setdb1 caught our attention because its expression exceeded that of other candidate H3K9me3 MTases during pachynema (Figure 2A ). SETDB1 localized to the XY pair at early pachynema ( Figure 2B ). Furthermore, testis immunoprecipitation (IP) followed by western blotting revealed that SEDTB1 and gH2AX form a complex by either direct or indirect interaction ( Figure 2C ). In mice, constitutive deletion of Setdb1 causes embryonic lethality (Dodge et al., 2004) , and conditional ablation in early germ cells causes spermatogenic arrest before meiosis Liu et al., 2014) . We therefore sought to delete Setdb1 later in spermatogenesis, prior to pachynema.
To achieve meiotic Setdb1 deletion, we generated Setdb1 cKO Setdb1 flox/À male mice carrying a Ngn3-Cre transgene (Schonhoff et al., 2004) . The Setdb1 cKO mutation deletes the core amino acids in the catalytic SET domain ( Figure 2D ). Ngn3-Cre is expressed in the gastrointestinal tract and pancreas, as well as in male germ cells from post-natal day (P) 7, and has been used to efficiently deplete Topbp1, Atr, and Mov10l1 during meiosis (ElInati et al., 2017; Widger et al., 2018; Zheng and Wang, 2012) . We confirmed using a ROSA26-EYFP Cre reporter that Ngn3-Cre is active in germ cells from the spermatogonial stage and is not active in somatic cells of the testis ( Figure 2E ). This Cre transgene was superior to Stra8-Cre at achieving efficient meiotic SETDB1 depletion ( Figures S2A-S2C ). The mean testis (legend continued on next page) weight in 8-week-old Setdb1 cKO males was reduced relative to Setdb1 control (Setdb1 flox/+ ; Ngn3-Cre) males, while the mean body weight was unaffected ( Figure 2F ). SETDB1 protein levels were reduced in Setdb1 cKO testes ( Figure 2G ), which was confirmed by immunofluorescence analysis of nuclear spreads ( Figure 2H ). Although the conditional mutation may have been expected to generate a truncated SETDB1, no such protein was identified by western blotting in Setdb1 cKO testis (Figure S2D) . Germ cell progression in Setdb1 cKO males was unaffected up to stage IV, corresponding to midpachynema of meiosis. At this point, there was a complete block in germ cell development ( Figure 2I ). As a result, later germ cell types were absent, and sperm were not present in the cauda epididymides ( Figure 2J ). Setdb1 cKO tubule sections contained elevated numbers of cleaved-PARP stained spermatocytes ( Figure 2K ). Germ cell loss in Setdb1 cKOs therefore occurs via apoptosis.
Minor Effects of Setdb1 Deletion on Meiotic Recombination and Synapsis
Midpachytene germ cell failure can be caused by defects in homologous recombination, synapsis, or MSCI. We first established whether homologous recombination was affected in Setdb1 cKOs. For this purpose, we counted foci of the meiotic DSB markers RPA2 and RAD51 at leptonema and early pachynema. Relative to controls, at leptonema in Setdb1 cKOs, the mean RPA2 count was unchanged, and the mean RAD51 count was marginally decreased ( Figures S3A and S3B ). At early pachynema in Setdb1 cKOs, the mean RPA2 count was slightly higher while the mean RAD51 count was unaffected (Figures S3C and S3D) . We also found that at early pachynema, RPA2 and RAD51 counts on the X chromosome and at the PAR were similar between Setdb1 cKOs and controls (Figures S3E and S3F) . Thus, Setdb1 deletion had a minimal effect on the abundance of these recombination markers.
Next, we assayed synapsis in Setdb1 cKOs. We used antibodies to centromeres and to the asynapsis marker HORMAD2, localization of which was unaffected in Setdb1 cKOs ( Figure 3A ). Asynapsis was observed in 53% of Setdb1 cKO cells but only 3% of control cells at early pachynema ( Figure S4A ). Despite being more common, the severity of the asynapsis phenotype in Setdb1 cKOs was minor, most often affecting only the XY pair ( Figures S4A and S4B ) or a single autosomal bivalent (Figures S4A and S4C) . XY and autosomal asynapsis were not always coincident in Setdb1 cKO cells. Interestingly, autosomal asynapsis in Setdb1 cKOs was observed exclusively at the centromeric end of the bivalent (100%; n = 27 asynapsed bivalents). In contrast, autosomal asynapsis in controls was not exclusively centromeric (77%; n = 31 asynapsed bivalents; p = 1.17 x 10 À2 ; Fisher's exact test). To assess whether the centromeric asynapsis associated with Setdb1 deletion preferentially affected smaller autosomes, we performed DNA-fluorescence in situ hybridization (FISH) for chromosomes 1 (a large chromosome) and 19 (a small chromosome) ( Figure S4D ). In control spermatocytes, asynapsis of chromosome 19 was more common than asynapsis of chromosome 1 (see legend for quantitation). In the Setdb1 cKO, the incidence of asynapsis was increased for both autosomes. However, the frequency ratio of chromosome 19 to chromosome 1 asynapsis was similar to that in the control. The role of SETDB1 in ensuring centromeric synapsis is not therefore specific for smaller autosomes.
SETDB1 Is Required for Epigenetic Remodeling of the XY Pair
Given the mild defects in recombination and synapsis, we examined whether MSCI was perturbed in Setdb1 cKOs. We focused first on localization of silencing factors to the XY bivalent at early pachynema. Increasing numbers of asynapsed autosomes can indirectly antagonize gH2AX accumulation on the XY pair . For this reason, we initially examined cells without autosomal asynapsis. XY localization of SYCP3, HORMAD2, BRCA1, ATR, TOPBP1, MDC1, and gH2AX occurred normally in these cells, whether the sex chromosomes were synapsed ( Figure 3A ) or asynapsed ( Figure S4E ). Also in Setdb1 cKO cells with autosomal asynapsis, XY gH2AX localization was unimpaired ( Figure S4F ). The magnitude of asynapsis in this mutant thus falls below that required to antagonize XY gH2AX accumulation . Importantly, however, while in Setdb1 cKOs, H3K9me3 localization to pericentric heterochromatin and to the Y chromosome was unaffected, localization to the asynapsed X chromosome did not occur ( Figure 3B ).
We next assessed the impact of Setdb1 deletion on other XY chromatin associated factors. CBX1, also known as heterochromatin protein 1 (HP1) beta, directly binds to H3K9me3 (Bannister et al., 2001) and facilitates spreading of this mark during (C) Western blot of input and immunoprecipitated samples using P15 wild-type testis lysate treated with nuclease. Rb: rabbit; Ms: mouse; m: size marker. Expected size: 180 kDa (SETDB1), 17 kDa (gH2AX). (D) Schematic of SETDB1 domain structure before and after Cre recombination. Setdb1 cKO also expresses EYFP from Gt(ROSA)26Sor Cre reporter locus. (E) Testis section of Setdb1 control immunostained for EYFP (green, stained with GFP antibody). Note that EYFP is negative in Sertoli cells (arrowheads) and peritubular myoid cells (asterisks). Scale bar: 20 mm. (F) Testis and body weights in Setdb1 control and cKO mice. Number of mice analyzed in brackets. ns: not significant. p value calculated using unpaired t test. (G) Testis SETDB1 western blot of Setdb1 control and cKO. Tubulin was used as a loading control. 50 mg of protein per lane was loaded. m: size marker. Expected size: 180 kDa (SETDB1), 50 kDa (Tubulin). SETDB1 antibody used recognizes two SETDB1 bands, of which the upper band is considered to be ubiquitinated SETDB1 (Ishimoto et al., 2016) . heterochromatin formation (Mozzetta et al., 2015) . In controls, CBX1 was observed on the XY body not only at diplonema, as previously reported (Metzler-Guillemain et al., 2003; Turner et al., 2001; Motzkus et al., 1999) , but also at early pachynema. As observed for H3K9me3, in Setdb1 cKOs, CBX1 was preserved at pericentric heterochromatin and at the Y chromosome but was lost at the asynapsed X chromosome ( Figure 3C ). Pathways regulating later stages of XY chromatin remodeling were also perturbed in this mutant. H2A lysine-119 deubiquitylating enzyme USP7, which is recruited by SCML2 (Hasegawa et al., 2015; Luo et al., 2015) , was not observed on the XY pair (Figure 3C) . Similarly, RNF8-dependent polyubiquitylation (poly-Ub), which is required for reactivation of sex chromosomes after meiosis (Sin et al., 2012) , was absent ( Figure 3C ). Thus, SETDB1 acts downstream of the DDR pathway in XY chromatin remodeling by catalyzing H3K9me3.
SETDB1 Is Required for Condensation of the XY Pair
During MSCI, the extended XY pair condenses to form the XY body. We noted that at early pachynema, Setdb1 cKOs exhibited persistently extended XY bivalents. To quantitate this phenotype, we immunolabeled sex chromosomes for SYCP3, HORMAD2, and centromeres and used an established approach to measure the mean distance between the X and Y centromeres (Ichijima et al., 2011) . In Setdb1 cKO early pachytene cells, the mean X-to-Y centromere distance was 2-fold higher than that in controls ( Figure 4A ), indicating that XY body formation in this mutant was defective. To confirm this phenotype, we analyzed the condensation state of gH2AX-immunolabeled XY pairs in stage-matched Setdb1 cKO and control testis sections. In controls, XY pairs were extended during stage XII (late zygonema) and condensed during stages I to IV (early-to-mid pachynema). However, in Setdb1 cKOs, XY pairs were extended during stage XII and thereafter remained extended from stage I to stage IV, when germ cell elimination takes place ( Figure 4B ). SETDB1 is therefore essential for sex chromosome condensation.
SETDB1 Is Required for XY Silencing at Pachynema
Condensation of the XY pair is associated with sex-gene silencing at pachynema (Inagaki et al., 2010; Yan and McCarrey, 2009 ). To establish effects of Setdb1 deletion on XY gene expression, we performed RNA-seq on fluorescence-activated cell sorting (FACS)-purified (Bastos et al., 2005) early-to-mid pachytene cells from Setdb1 cKOs and wild-type C57BL6/J males. An initial analysis of published RNA-seq data (Gan et al., 2013) showed that the mean X-and Y-gene transcripts per million (TPM) in purified pachytene cells are lower than in purified spermatogonia and preleptotene cells ( Figure S5A ). The mean X-and Y-gene TPMs in our wild-type purified pachytene population was similar to those observed in this published study. However, in purified Setdb1 cKO pachytene cells, the mean Xand Y-gene TPMs were elevated ( Figure S5A ), suggesting that XY silencing was defective. We next performed differential expression analysis. 63% (304/784) of X-protein-coding and 38% (29/105) of Y-proteincoding genes were differentially expressed between Setdb1 cKOs and wild-type pachytene cells. Furthermore, almost all of these XY genes were expressed more highly in the Setdb1 cKOs than in the wild-types (99.7% of X-and 93.1% of Y-encoded differentially expressed genes; Figure 5A and Table  S1 ). Upregulated Y genes included Zfy1 and Zfy2, misexpression of which causes midpachytene germ cell elimination (Royo et al., 2010) . As a result of this skewed XY expression change, median expression from the X and Y chromosomes in Setdb1 cKOs was increased 3.3-and 3.7-fold, respectively, relative to wild-types ( Figure 5B ). In contrast, only 9% of autosomal genes were differentially expressed, and of these genes, 56.2% were upregulated and 43.7% downregulated in Setdb1 cKOs compared to wild-types (n = 1,528 genes). Consequently, median expression from the autosomes was unchanged (Figure 5B ). An elevation in median X and Y expression was not observed in published RNA-seq datasets derived from Setdb1 cKO embryonic stem cells (ESCs) or primordial germ cells (PGCs) and was thus a pachytene-specific effect (Figures S5B  and S5C) . The X-to-autosome (X:A) ratio in Setdb1 cKO pachytene cells was elevated compared to that in wild-types (Figure S5D) , consistent with preferential overexpression of X versus autosomal genes in the former genotype. Genes upregulated in the Setdb1 cKO were found across the length of the X chromosome ( Figure 5C ; see legend for discussion of (legend continued on next page) Y chromosome). Thus, Setdb1 deletion caused upregulation of sex-linked genes in pachytene cells but not in ESCs or PGCs.
We complemented our transcriptomic analysis with RNA-FISH for the X gene Scml2 and the Y gene Zfy2. These genes are silenced at pachynema in control males but not in MSCI mutants (ElInati et al., 2017; Royo et al., 2010; Bhattacharyya et al., 2013; Royo et al., 2013) . Following RNA-FISH, early pachytene cells were identified using HORMAD2 immunostaining, as described previously (Cloutier et al., 2015 (Cloutier et al., , 2016 . Both Scml2 and Zfy2 were misexpressed at early pachynema in Setdb1 cKOs, and the proportion of cells exhibiting Scml2 and Zfy2 RNA-FISH signals was similar to that observed in established MSCI mutants (ElInati et al., 2017; Wojtasz et al., 2012) (Figure 5D ). Thus, transcriptomic and RNA-FISH analyses demonstrate that SETDB1 is critical for MSCI.
Based on our immunostaining analysis ( Figure 3B ), we hypothesized that SETDB1 mediates silencing by directing H3K9me3 acquisition at X genes. We performed ultra-low-input native chromatin immunoprecipitation sequencing (ChIP-seq) (Brind'Amour et al., 2015) to compare H3K9me3 occupancy at all genes (coding and non-coding) in early-to-mid pachytene Setdb1 cKOs and wild-type cells. H3K9me3 levels at autosomal genes were similar between these two genotypes. However, H3K9me3 levels at X and Y genes were reduced in the Setdb1 cKO relative to the wild-type ( Figure 5E ). The reduction in H3K9me3 was observed both at XY genes upregulated in the Setdb1 cKO and at XY genes that were not upregulated (Figure S6) . These findings indicate that in the Setdb1 cKO reduction of XY H3K9me3 occurs at a chromosomal level.
We examined putative functions of genes upregulated upon depletion of the repressive H3K9me3 mark ( Figure 5F and Table  S2 ). Genes upregulated in Setdb1 cKOs relative to wild-types were enriched most highly for the Gene Ontology (GO) category ''spermatid development.'' This finding was surprising because spermatids were absent in Setdb1 cKOs ( Figures 2I and 2J) . The ''spermatid development'' category included genes mapping to the X chromosome, where spermatid genes are abundant (Mueller et al., 2008) , as well as autosomal genes. Essential functions in spermiogenesis have been described for several of these X genes, e.g., Taf7l (Cheng et al., 2007) and Slxl1 (Cocquet et al., 2010) , and autosomal genes, e.g., Klhl10 (Yan et al., 2004) , Osbp2 (Udagawa et al., 2014) , Zmynd15 (Clark et al., 2004) , Capza3 (Geyer et al., 2009) , Acrbp (Kanemori et al., 2016) , and Six5 (Sarkar et al., 2004) . We also performed GO analysis on genes downregulated in Setdb1 cKOs relative to wild-types (Figure 5F) . The most significantly enriched categories featured genes functioning in meiosis. These findings indicate that Setdb1 regulates the timely expression of spermatogenesis genes, promoting expression of meiosis genes and preventing premature expression of spermatid genes.
A Subset of ERVs Is Upregulated in the Setdb1 cKO SETDB1 silences endogenous retroviruses (ERVs) in somatic cells (Kato et al., 2018) and PGCs . Using our RNA-seq data, we addressed whether SETDB1 performs a similar function in pachytene cells. 5% (38/836) of ERVs were upregulated in the Setdb1 cKO relative to the wild-type (Figure S7A and Table S3 ). Upregulated ERVs were derived from multiple families, with the most highly overexpressed ERV being MMERVK10C-int. A similar proportion of ERVs (43/836) was downregulated in the Setdb1 cKO relative to the wild-type. In the Setdb1 cKO, upregulated ERVs showed a more marked decrease in H3K9me3 occupancy than downregulated ERVs or non-differentially expressed ERVs (Figures S7B and S7C ). In conclusion, the effect of Setdb1 deletion on ERV silencing in pachytene cells is milder than observed in other contexts (Karimi et al., 2011; Kato et al., 2018; Liu et al., 2014; Matsui et al., 2010) .
TRIM28 Is a Candidate DDR-SETDB1 Bridging Factor in MSCI Our findings showed that SETDB1 acts downstream of the DDR network. Consistent with this conclusion, SETDB1 localization to the XY bivalent did not occur in H2afx KO pachytene cells (Figure 6A) . However, the mechanism underlying sex chromosome SETDB1 recruitment was unclear. TRIM28, hnRNP K, and Kr€ uppel-associated box zinc-finger proteins (KRAB-ZFPs) recruit SETDB1 in other contexts (Ecco et al., 2017; Iyengar and Farnham, 2011; Thompson et al., 2015) , and TRIM28 is also involved in the DDR (White et al., 2006) . To assess which of these cofactors could be important in XY-SETDB1 recruitment, we performed testis IP-mass spectrometry (MS) on P15 wild-type testis using both gH2AX and SETDB1 as bait ( Figure 6B and Table S4 ). Proteins significantly enriched in both the gH2AX and SETDB1 IP-MS experiments included TRIM28 and hnRNP K but not KRAB-ZFPs. Both IP-MS experiments also pulled down known XY body-associated proteins (e.g., SCML2, USP7) (Hasegawa et al., 2015; Luo et al., 2015) , as well as components of the HUSH complex, which promote SETDB1mediated H3K9me3 spreading (Tchasovnikarova et al., 2015) ( Figure 6C ). Proteins observed only in the gH2AX IP-MS included MDC1 and several epigenetic enzymes, while those unique to the SETDB1 IP-MS included the SETDB1-stabilizing factors ATF7IP and ATF7IP2 (Ichimura et al., 2005; Timms et al., 2016) (B) Boxplot represents gene expression log2-fold change of Setdb1 cKO relative to wild-type. Box: 25th/75th percentiles. Line on box: median. Whisker: 1.5 times the interquartile range from the 25th/75th percentiles. Red dashed line: 2-fold change. ns: not significant. p value calculated using Welch's t test.
(C) Heatmaps representing gene expression log2-fold change of Setdb1 cKO relative to wild-type across different chromosomal locations. Asterisk: long arm of the Y chromosome, which is occupied by multicopy genes (Ssty1, Ssty2, Sly, Asty) . Note that the software used for these heatmaps excludes multi-mapped X and Y genes. (D) X-linked Scml2 and Y-linked Zfy2 RNA-FISH (magenta) of Setdb1 controls and cKOs immunostained for HORMAD2 (green). Percentages of cells positive for RNA signals are shown below panels. Scale bar: 2 mm. (E) H3K9me3 occupancy log2-fold change of Setdb1 cKO relative to wild-type. Gray: autosomal genes; orange: X genes; blue: Y genes. Analysis includes all coding and noncoding genes. TSS: transcription start site. TES: transcription end site. (F) The top three ontology terms enriched in upregulated and downregulated genes in Setdb1 cKO cells. Example genes are listed on the right. Orange: X-linked genes. See also Figures S5-S7 and Tables S1 and S2. Figure S7D and Table S4 .
( Figure 6C ). IP-MS can thus identify additional candidate XYsilencing factors.
To further assess their candidacy, we analyzed TRIM28 and hnRNP K immunostaining in early pachytene cells. hnRNP K was present throughout autosomal chromatin but was notably excluded from the XY pair ( Figure S7D ). However, TRIM28 localized to the sex chromosomes, further supporting a role for this protein in linking the DDR to SETDB1 ( Figure 6D ). Testis IP followed by western blotting confirmed that both SETDB1 and gH2AX interact with TRIM28 ( Figure 6E ). In H2afx KO pachytene cells, localization of TRIM28 to the XY pair was abolished (Figure 6D) , placing TRIM28 downstream of the DDR network in MSCI. TRIM28 was observed on the XY pair in the Setdb1 cKO ( Figure 6D ). However, the staining intensity of XY-associated TRIM28 was lower than that in the control ( Figure 6D ). Thus, while TRIM28 is upstream of SETDB1 in MSCI, SETDB1 may facilitate TRIM28 amplification on the sex chromosomes (see Discussion). Overall, our findings support a role for TRIM28 in bridging the DDR to SETDB1.
DISCUSSION
A fundamental role for the DDR network in initiating meiotic silencing is well established. DDR proteins collaborate to induce phosphorylation of H2AX on asynapsed chromosomes. How-ever, whether resulting gH2AX is sufficient to silence transcription has been unclear. Here, we show that the repressive histone mark H3K9me3, catalyzed by SETDB1, is an additional critical step downstream of gH2AX in MSCI, driving sex chromosome condensation and XY gene silencing. The midpachytene apoptosis in the Setdb1 cKO could be attributed to toxic sexgene expression (Royo et al., 2010 (Royo et al., , 2015 and/or de-repression of a subset of ERVs. SETDB1 represses ERVs in various contexts (Collins et al., 2015; Karimi et al., 2011; Kato et al., 2018; Liu et al., 2014; Matsui et al., 2010) and has developmental functions that include oogenesis (Eymery et al., 2016; Kim et al., 2016) , early development (Dodge et al., 2004) , and neurogenesis (Tan et al., 2012) . Our findings reveal a distinct role in male meiosis, where it links the meiotic DDR network to H3K9me3.
Our data suggest that SETDB1 interacts with the DDR network via TRIM28 (Figure 7) . Localization of TRIM28 to the XY pair requires H2AX but not SETDB1. However, in the absence of SETDB1, levels of sex chromosome-associated TRIM28 are reduced relative to the control. We therefore propose that SETDB1 ensures optimal XY-associated TRIM28-enrichment. In mitotic cells, TRIM28 recruits SETDB1, with resulting H3K9me3 acting as a binding site for HP1 proteins (CBX1, CBX3, CBX5) (Bannister et al., 2001; Matsui et al., 2010; Rowe et al., 2010; Schultz et al., 2002) . Because HP1 can directly bind to TRIM28 (Ryan et al., 1999) , a rolling cycle amplification could then be initiated, recruiting more SETDB1. Similar positive-feedback systems are commonplace in MSCI. For example, accrual of BRCA1 and ATR at chromosome axes is interdependent (Royo et al., 2013; Turner et al., 2004) , as is enrichment of ATR, MDC1, and gH2AX at chromatin loops (Royo et al., 2013) .
Setdb1 deletion disrupts XY localization of CBX1 at early pachynema. CBX1 and other HP1 family proteins form dimers bridging two H3K9me3 nucleosomes in heterochromatin (Machida et al., 2018) . It would be interesting to investigate the effect of meiotic perturbation of HP1 dimerization on chromosome silencing. At midpachynema in Setdb1 cKOs, XY pairs did not acquire USP7 and poly-Ub. Previous works indicate that SCML2-USP7 and RNF8-mediated poly-Ub act independently during XY chromatin remodeling for proper spermiogenesis (Hasegawa et al., 2015; Lu et al., 2010; Sin et al., 2012) . Whether CBX1 acts upstream of one or both of these pathways warrants further investigation.
We observed in Setdb1 cKOs a mild defect in synapsis. This phenotype was observed preferentially at the PAR. Although we observed no difference between the Setdb1 cKO and control in PAR-localization of recombination factors, SETDB1 may have a specialized role at this chromosome region. Alternatively, the PAR phenotype may reflect a more general function for SETDB1 in synapsis. PAR asynapsis is a common finding in meiotic mutants (Fernandez-Capetillo et al., 2003; Ichijima et al., 2011; Turner et al., 2004; de Vries et al., 2005; Widger et al., 2018) and may occur because this chromosome region is small in length and thus more susceptible to synapsis defects. Consistent with this hypothesis, the smallest autosome, chromosome 19, is also more commonly asynapsed than chromosome 1 in the Setdb1 cKO. Although the mechanism by which SETDB1 regulates synapsis is unclear, our data suggest a specific role at centromeric chromosome ends. One possibility is that H3K9 methylation at pericentric regions is important for synapsis. Autosomal asynapsis, associated with defective pericentric H3K9 methylation, is also observed in mice doubly deficient for Suv39h1 and Suv39h2 (Peters et al., 2001) . However, it is also noteworthy that autosomal centromeres, such as the XY pair, synapse later than other chromosome regions (Bisig et al., 2012; Kauppi et al., 2011) . SETDB1 could therefore have a specific function in promoting synapsis at late-pairing regions.
Setdb1 deletion at pachynema unexpectedly causes premature upregulation of genes normally expressed in spermatids and downregulation of meiotic genes. Since these autosomal genes are not direct H3K9me3 targets ( Figure 5E ), we speculate that their dysregulation occurs as an indirect consequence of defective MSCI. The effect of MSCI on autosomal gene expression has not been well examined. In female somatic cells, a mechanistically distinct form of X chromosome inactivation (XCI) occurs, which functions to balance somatic X-gene expression levels with that of males. Recent work demonstrates that disrupting somatic XCI causes dysregulation of transcription at the genome-wide level (Borensztein et al., 2017; Sakata et al., 2017) . By analogy, we suggest that as well as silencing XY genes, MSCI regulates autosomal gene expression patterns in the mammalian germline.
In addition to mammals, meiotic silencing has been described in other organisms, including C. elegans (Kelly and Aramayo, 2007) . In both organisms, asynapsis is the trigger for silencing, but downstream molecular events that lead to gene inactivation were thought to be distinct. For instance, meiotic silencing in C. elegans relies not on DDR factors, as in mammals, but instead on components of the RNA interference machinery (Kelly and Aramayo, 2007) . Interestingly, a report indicates that the Setdb1 homolog met-2 is essential for MSCI in C. elegans (Checchi and Engebrecht, 2011) . Our current findings are therefore significant because they identify Setdb1 as a silencing factor conserved between these two highly diverged model organisms.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: (Tyanova et al., 2016) for further downstream processing and statistical analysis. LFQ intensities were log 2 transformed and missing values were imputed from a noise distribution generated using default Perseus settings. LFQ values were then used to determine proteins that were significantly enriched compared to the control (IgG) conditions. The test settings were Welch's t-test, S0=1.0 and a permutation-based FDR controlled at 0.01.
DATA AND SOFTWARE AVAILABILITY
The sequencing datasets generated during this study are available in the Gene Expression Omnibus (GEO) under the accession code GEO: GSE107671 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE107671). GEO accession codes of the published RNA-seq datasets re-analysed during this study are GEO: GSE35005 (Figures 2A and S5A) (Gan et al., 2013) , GEO: GSE29413 (Figure S5B) (Karimi et al., 2011) , and GEO: GSE60377 ( Figure S5C ) .
